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Abstract
The high-resolution echelle spectrograph UVES of the Very Large Telescope at Cerro Paranal in Chile has been regularly
operated since April 2000. Thus, UVES archival data originally taken for astronomical projects but also including sky
emission can be used to study airglow variations on a time scale longer than a solar cycle. Focusing on OH emission and
observations until March 2015, we considered about 3,000 high-quality spectra from two instrumental set-ups centred
on 760 and 860 nm, which cover about 380 nm each. These data allowed us to measure line intensities for several OH
bands in order to derive band intensities and rotational temperatures for different upper vibrational levels as a function
of solar activity and observing date. The results were compared with those derived from emission and temperature
profile data of the radiometer SABER on the TIMED satellite taken in the Cerro Paranal area between 2002 and 2015.
In agreement with the SABER data, the long-term variations in OH intensity and temperature derived from the UVES
data are dominated by the solar cycle, whereas secular trends appear to be negligible. Combining the UVES and SABER
results, the solar cycle effects for the OH intensity and temperature are about 12 to 17% and 4 to 5 K per 100 sfu and
do not significantly depend on the selected OH band. The data also reveal that variations of the effective OH emission
layer height and air density can cause significant changes in the OH rotational temperatures due to a varying ratio of
OH thermalising collisions by air molecules and OH radiation, deactivation, and destruction processes which impede
the rotational relaxation. However, this effect appears to be of minor importance for the explanation of the rotational
temperature variations related to the solar activity cycle, which causes only small changes in the OH emission profile.
Keywords: OH emission, Spectroscopy, Temperature, Solar cycle
1. Introduction
One of the most prominent nighttime airglow emis-
sions of the Earth’s mesopause region is caused by excited
hydroxyl (OH) (Meinel, 1950). It originates at a typi-
cal altitude of 87 km with a full width at half maximum
(FWHM) of about 8 to 9 km (Baker and Stair, 1988). The
emission is related to a reaction of atomic hydrogen and
ozone (Bates and Nicolet, 1950), which mainly populates
the vibrational levels v = 8 and 9 of the OH electronic
ground state (e.g. Adler-Golden, 1997). The airglow radi-
ation originates from these and lower levels, which causes
dozens of molecular emission bands in the optical and near-
IR regime (e.g. Rousselot et al., 2000; Cosby and Slanger,
2007; Noll et al., 2015). Apart from cascades of radiative
transitions, the redistribution of the vibrational and rota-
tional level populations is also caused by collisions (Dodd
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et al., 1994; Adler-Golden, 1997; von Savigny et al., 2012;
Xu et al., 2012; Kalogerakis et al., 2016). In terms of
the vibrational relaxation, molecular oxygen (O2) is most
important. For the rotational level populations, O2 and
the predominating atmospheric constituent molecular ni-
trogen (N2) are essential. Collisions involving atomic oxy-
gen mostly lead to a multi-quantum deactivation of the vi-
brational excitation or even destruction of OH. They are
crucial for the observed spread of the emission layer de-
pending on the vibrational level v′ of the upper state of
the transition. Higher v′ bands emit at higher altitudes.
For ∆v′ = 1, the differences amount to several hundred
metres (von Savigny et al., 2012; Noll et al., 2016).
Apart from the v′-dependent OH intensity, which is
an important tracer of atmospheric chemistry and dynam-
ics, OH emission lines are also very valuable for estimates
of the kinetic temperature in the mesopause region. The
widely-used approach (e.g. Beig et al., 2003; Schmidt et al.,
2013; Reisin et al., 2014) assumes that the population dis-
tribution over the lowest rotational levels N for a fixed v
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equals a Boltzmann distribution that corresponds to the
ambient temperature (e.g. Beig et al., 2003; Cosby and
Slanger, 2007; Khomich et al., 2008). This requires a suf-
ficient number of thermalising collisions in comparison to
the v-dependent radiative lifetimes between 5 (v = 9) and
58 ms (v = 1) (Xu et al., 2012). However, a local thermo-
dynamic equlibrium (LTE) is no longer guaranteed in the
highest parts of the emission layer, where the N2 and O2
densities are low and the counteracting oxygen atoms are
numerous. This can lead to non-LTE contributions of sev-
eral Kelvins to the measured OH rotational temperatures
Trot (Cosby and Slanger, 2007; Noll et al., 2015, 2016).
The exact amount depends on v′ and the line set used. It
also varies with time due to changes in the effective height
of the emission layer and the corresponding chemical com-
position. Noll et al. (2016) found that mean nocturnal
Trot variations for OH bands with high v
′ could even be
dominated by non-LTE effects.
Investigations of long-term variations of OH intensities
(Clemesha et al., 2005; Reid et al., 2014; Gao et al., 2016)
and Trot (Beig et al., 2003, 2008; Beig, 2011a,b; Huang
et al., 2016; Kalicinsky et al., 2016) are particularly inter-
esting since they provide important information on the in-
fluence of the solar activity and anthropogenic greenhouse
gas emissions on the mesopause region. Such studies re-
quire time series which should ideally cover more than a
solar activity cycle of 11 years. While remote sensing of
OH emission is the approach that is most frequently used
to investigate the mesopause region, suitable data sets are
still rare. Therefore, any additional time series of suffi-
cient length is very valuable, especially in regions of the
world with a lack of data. Moreover, most time series only
include a single OH band (e.g. Beig et al., 2003; Schmidt
et al., 2013) and well-calibrated OH intensities are not al-
ways available. Finally, it is questionable how the solar
cycle effects and long-term trends for OH Trot are affected
by changes in the OH emission layer structure. This is crit-
ical since studies of the long-term temperature variations
at OH layer heights rely on the suitability of OH Trot as
a tracer of the kinetic temperature. As discussed before,
this might not be fulfilled.
The Very Large Telescope (VLT) of the European South-
ern Observatory (ESO) at Cerro Paranal in Chile (24◦38′ S,
70◦24′W) has regularly been operating the Ultraviolet and
Visual Echelle Spectrograph (UVES) (Dekker et al., 2000)
since April 2000. The archival data of this astronomi-
cal instrument allow us to investigate the long-term vari-
ations of several OH bands at a high spectral resolution
in parallel. Therefore, we have selected a UVES sample
of 3,113 high-quality spectra comprising the first 15 years
of operation. This data set is the first one covering more
than a solar cycle originating from a site located west of
the Andes. In South America, longer OH time series were
only published for El Leoncito (32◦ S, 69◦W) in Argentina
(Reisin and Scheer, 2002; Scheer and Reisin, 2013) and Ca-
choeira Paulista (23◦ S, 45◦W) in Brazil (Clemesha et al.,
2005). Apart from a general characterisation of the so-
lar cycle effects and long-term trends in the OH intensity
and Trot, our study focuses on the contribution of vary-
ing non-LTE effects to the Trot long-term variations. For
this purpose and a comparison of complementary inde-
pendent data sets, we also investigated OH limb-sounding
data and CO2-based kinetic temperature profiles from the
multi-channel radiometer SABER on the TIMED satellite
(Russell et al., 1999). With the start of the archive in Jan-
uary 2002, this data set only has a slightly shorter time
coverage than our sample of UVES spectra.
In the following, we will describe the UVES (Section 2.1)
and SABER data sets (Section 2.2) for this study in de-
tail. Then, we will address the measurements of OH line
intensities and temperatures (Section 3.1), the analysis of
the long-term variations for both data sets (Section 3.2),
and the estimation of non-LTE effects related to the mea-
sured UVES OH Trot (Section 3.3). The results for the
long-term variations in intensity and temperature, their
relation to other observations, and the impact of non-LTE
effects on the Trot trends will be discussed in Sections 4.1
to 4.3. Finally, we will draw our conclusions (Section 5).
2. Data sets
2.1. UVES
The high-resolution echelle spectrograph UVES (Dekker
et al., 2000) mounted at the VLT covers a maximum wave-
length range from 300 to 1100 nm, where up to 500 nm can
be observed in parallel by a blue and a red arm, which
are fed by means of a dichroic beam splitter. The exact
wavelength coverage depends on the selected beam split-
ter and the order-separating cross disperser. For the in-
vestigation of OH emission, we focus on the red arm and
set-ups with central wavelengths of 760 and 860 nm cover-
ing about 380 nm each. Since the spectra of the red arm
are registered by a mosaic of two charge-coupled devices
(CCDs), there is a gap of the spectral coverage around the
central wavelength, which amounts to about 14 nm. The
combined range of both set-ups between about 570 and
1040 nm comprises 15 OH bands with v′ between 3 and 9
(see Noll et al., 2015). The overlapping range of the 760
and 860 nm set-ups covers six OH bands with v′ between 5
and 9. Our study of long-term variations therefore focuses
on the OH(v′-v′′) bands (5-1), (6-2), (7-3), (8-3), and (9-4),
which neglects the weaker v′ = 7 band OH(7-2). OH(4-0)
cannot be included since it is located in the central gap of
the 760 nm set-up.
The spatial coverage of the sky along the slit axis is
8′′ for the 760 nm and 12′′ for the 860 nm set-up. The slit
width can be set freely. For a standard width of 1′′, the
resolving power of the spectrograph is about 42,000. The
maximum is 110,000. Therefore, the OH emission lines are
usually well separated, as Fig. 1 illustrates for the lower P-
branch of the weakest selected OH band (8-3) in a typical
UVES spectrum. Even the Λ doublet structure of the OH
lines (e.g. Rousselot et al., 2000) is partially resolved. Line
2
Figure 1: P-branch lines of the OH(8-3) band for a typical UVES
sample spectrum with a standard resolving power of 42,000 and
nearly average exposure time of 1,800 s. Radiance and wavelength
are given in Rayleighs per picometre and micrometres, respectively.
Note that the Λ doublets of the higher P1-branch lines are partially
resolved, which makes these lines broader and flatter.
blends are rare. For a comprehensive overview of UVES
airglow spectra, see Hanuschik (2003) and Cosby et al.
(2006).
2.1.1. UVES data reduction
For this study, we used the UVES-related so-called
Phase 3 data products from the ESO Science Archive Fa-
cility. These files were produced by means of the ESO
data reduction pipeline for UVES and contain wavelength-
calibrated one-dimensional spectra with merged echelle or-
ders derived from the initial two-dimensional raw frames.
We only considered those data products which include a
sky-subtracted spectrum of the astronomical target with
and without flux calibration and a spectrum of the sky
background derived by the sky subtraction procedure of
the pipeline. The latter exhibits the airglow emission dur-
ing the exposure of the spectrum and is therefore the basis
for our analysis.
The sky data from the UVES Phase 3 products are not
flux calibrated. First, we corrected these spectra for the
variable slit area on the sky in order to be representative
of a unit solid angle. Then, we used the object spectra
with and without flux calibration to obtain instrument
response curves. For this, we also had to consider that
the object spectra were corrected for atmospheric extinc-
tion using the extinction curve of Tu¨g (1977). We did
not apply this correction to the sky spectra since losses
by scattering and absorption differ from those related to
point-like continuum sources and are also variable with
time. For the investigated wavelength regime, the extinc-
tion by atmospheric scattering can be neglected for the
extended airglow emission at Cerro Paranal (Noll et al.,
2012). The correction of the absorption is described in Sec-
tion 3.1. Depending on instrumental set-up and observing
period, different response curves were applied to the UVES
Phase 3 products. We identified two response curves for
the 760 nm set-up spectra and six for those with a central
wavelength of 860 nm. We did not find any significant long-
term trend in the curve shape pointing to instrument and
telescope efficiency changes. The structure of all curves is
very similar independent of the set-up. An exception are
wavelength ranges which are affected by strong molecular
absorption by O2 and water vapour (e.g. Noll et al., 2012).
This suggests that the response curves are not reliable in
these ranges due to an inadequate handling of atmospheric
molecular absorption in the spectrophotometric standard
star spectra used for flux calibration. Therefore, we scaled
the individual response curves to a reference one in a safe
wavelength range and then built a master response curve
by reliability-dependent weighted averaging and interpo-
lation in the most affected regions. The average shape
correction for all covered wavelengths and all spectra is
1.2%. The differences in the flux calibration for lines of
the same OH band should be significantly smaller.
For flux-calibrated astronomical spectra, the absolute
flux uncertainties are typically of the order of 5 to 10%.
This expectation is in agreement with the results of a com-
parison of the OH band intensities of the UVES data (see
Section 3.1) and those of a sample of spectra taken with the
VLT echelle spectrograph X-shooter (Vernet et al., 2011)
discussed in Noll et al. (2015, 2016) for the overlap period
from October 2009 to March 2013. For the investigation
of long-term variations in intensity, the relative flux uncer-
tainties have to be distinctly lower. We therefore checked
the flux-calibrated spectra from standard star observations
which were Phase 3 science targets and compared them
with each other and to the corresponding reference fluxes
from literature (Hamuy et al., 1994; Moehler et al., 2014).
In general, there seems to be a good agreement. However,
the response curve correction for the Phase 3 products does
not consider flux differences related to the use of observ-
ing modes with single and double pixel binning. Taking
CCD 1 (with wavelengths shorter than the central gap) of
the more popular mode without pixel merging as reference,
we found a correction factor of 0.944 for CCD 2 and 1.038
for both chips operated with two-pixel binning. Moreover,
760 nm spectra taken until 2009 show a conspicuous differ-
ence in the flux levels related to the two CCDs. Since the
Phase 3 products do not contain standard star observations
for this set-up, we compared non-standard star spectra
that were calibrated with both response curves. As a con-
sequence, we multiplied the fluxes for CCD 2 by a factor,
which was 0.875 for two-pixel binning. These corrections
reduced the systematic errors significantly. As described in
Section 3.2.3, we used the OH line measurements to check
the quality of the calibration of the data related to the dif-
ferent observing modes and response curves. The result-
ing relative flux calibration accuracy is about 2%, which is
sufficiently good for studies of long-term variations. Note
that this accuracy estimate is mainly based on averages
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considering several hundred spectra. For individual obser-
vations or rarely applied combinations of observing mode
and response curve, the uncertainty is probably higher.
2.1.2. UVES sample selection
This study focuses on the first 15 years of UVES data,
i.e. spectra taken until March 2015 were considered. For
this period, the number of 760 and 860 nm spectra exceeds
10,000. Since the analysis of long-term variations for differ-
ent OH bands requires a high-quality sample, we reduced
the data set by applying several selection criteria. First,
we only considered spectra with a minimum exposure time
of 5 min to avoid noisy OH lines. This criterion also re-
jects the spectra with the brightest astronomical targets.
The contamination of the sky spectra by emission of astro-
nomical objects is critical since the sky integration proce-
dure of the UVES pipeline only excludes the slit positions
which are closer than 25% of the slit length to the target
centre. For the 760 and 860 nm set-ups, this limit corre-
sponds to 2 and 3′′, respectively. Hence, bright targets,
extended objects, or a strong blurring of point-like stellar
sources by high atmospheric turbulence can cause a signif-
icant contamination of the sky spectrum, which increases
the statistical and systematic uncertainties related to the
OH line measurements depending on the shape of the ob-
ject spectrum. For this reason, we applied an additional
selection limit based on the average continuum flux at the
positions of the measured OH lines. Only spectra with
less than 2,000 photons s−1m−2µm−1arcsec−2, i.e. about
11 R nm−1, were considered. This limit still allows data
taken in moonlit nights to be selected. Furthermore, we
rejected spectra observed with very wide slits of more than
2′′. This limit corresponds to a minimum resolving power
of about 20,000 and avoids possible issues related to the
measurement of broad box-shaped lines.
The selection criteria listed so far result in a sam-
ple of 3,475 spectra. This data set was then checked for
outliers in the derived Trot and their uncertainties (Sec-
tion 3.1). For this, we performed an iterative σ-clipping
procedure, where we applied 5σ limits for the five OH
bands (5-1), (6-2), (7-3), (8-3), and (9-4) relevant for the
trend analysis in terms of Trot, the Trot difference com-
pared to OH(6-2), and the Trot uncertainty. The result-
ing sample optimised for the five bands comprises 1,463
spectra centred on 760 nm and 1,650 spectra centred on
860 nm, i.e. 3,113 spectra in total. Note that the identifi-
cation of outliers is not a simple task for the investigated
sample since the statistical and systematic errors of the
individual Trot measurements vary due to differences in
the exposure time, object contamination, spectral resolu-
tion, and line intensity. Therefore, we also performed an
alternative selection with the same criteria except for a 4σ
limit for the Trot uncertainty. This slight change reduced
the sample to 2,885 spectra, which illustrates that the data
distribution cannot be described by a single Gaussian. In
order to investigate the effect of the sample selection on the
analysis of long-term variations, we performed the entire
Figure 2: Sample of UVES data used for this study. The local time
(i.e. Universal Time corrected for the longitude of Cerro Paranal)
of the mid-exposure in hours and the date in years are shown for
1,463 spectra centred on 760 nm (blue) and 1,650 spectra centred on
860 nm (red).
analysis for both samples. The differences were distinctly
smaller than the estimated errors, which indicates that our
results do not critically depend on the selection criteria. In
the following, we will therefore focus on our main sample
of 3,113 spectra.
Fig. 2 shows the local solar mean time in hours and
the observing date in years for the mid-exposures of our
UVES sample spectra. For short time scales, the density
of data points is highly variable due to the various possible
UVES observing modes, where only a minor fraction ful-
fils our selection criteria. Moreover, ESO usually operates
two to three competitive instruments at the same tele-
scope. For longer periods, the variations are smaller. On
an annual basis calculated from April to March, the num-
ber of spectra varies between 83 and 385. The standard
deviation is about 50% of the mean value. A comparison
of the two halves of the covered period shows a difference
of less than 5% of the sample size. While the full sam-
ple indicates a good coverage of the 15 years, this is not
the case for the subsamples of the 760 and 860 nm set-ups.
Before 2005, very few 760 nm spectra were taken. Then,
ESO started to officially offer this set-up, which became
eventually more popular than the 860 nm mode. Since the
calibrations of the spectra of both set-ups appear to agree
very well (see also Section 3.2.3), this small sample over-
lap does not seem to be critical for the investigation of
the long-term variations. The distribution of local times
reflect the fact that astronomical observations are usually
carried out at nighttime. The minimum solar zenith angle
of our sample is 102◦. The few twilight spectra in the full
data set were rejected by our continuum flux limit.
Note that we selected additional set-up-specific sub-
samples, which were used in the course of the investigation
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Figure 3: Sample of SABER data used for this study. The local time
in hours for the profile data point at 87 km and the day of year are
shown for 4,496 profiles. The jumps in local time around midnight
for the covered stripes are related to the regular yaw manoeuvres of
TIMED (Russell et al., 1999).
of non-LTE effects in Sections 3.3 and 4.3. For these sub-
samples, the σ-clipping was performed for a higher number
of OH bands than we considered for our main sample. We
will describe these data sets when they are used.
2.2. SABER
The TIMED satellite launched in December 2001 has a
slowly-precessing low Earth orbit with an inclination of 74◦
and a period of 1.6 h and achieves global coverage (except
for high latitudes) within 60 days (Russell et al., 1999).
SABER performs limb-sounding in ten channels between
1.27 and 15µm with a vertical resolution of 2 km. For this
study, we focus on the two OH-related channels centred
on 1.64 and 2.06µm. Since each channel covers lines of
three OH bands, the effective v′ correspond to 4.6 and
8.3 (Noll et al., 2016). Moreover, we consider the CO2-
related kinetic temperature Tkin products. Their elabo-
rate retrieval involves non-LTE radiative transfer calcula-
tions (Rezac et al., 2015). For the OH volume emission
rate (VER) and Tkin profiles, we use the version 2.0 prod-
ucts from the SABER data archive for the period from
January 2002 (start of the archive) to December 2015.
Hence, the SABER time coverage is slighter shorter and
shifted to later dates compared to our UVES sample (Sec-
tion 2.1). Moreover, only nocturnal profiles correspond-
ing to a minimum solar zenith angle of 100◦ were con-
sidered. In order to focus on the VLT region, the profile
selection was restricted to the latitude range from 23 to
26◦ S and plus/minus 10◦ around the longitude of Cerro
Paranal of 70.4◦W. This selection results in a total number
of 4,496 profiles. More details on the selection criteria and
the SABER profile characteristics are given by Noll et al.
(2016), who performed the same analysis for a SABER
data set comprising the years from 2009 to 2013.
Fig. 3 shows the local times and days of year for our
SABER sample. The diagram area is only sparsely filled
due to the orbital parameters of TIMED. For a specific
day of year, one or two narrow time windows are avail-
able. The width of the ranges depends on the number
of included years. Despite the large gaps, the SABER
data are promising for the analysis of long-term variations
in comparison to our UVES data set (Fig. 2) since the
pattern of coverage is very regular with the mean local
time exactly at midnight and a mean day of year of 180.
The shift of the annual pattern, which results in −12 to
−11 days for the covered period of 14 years, should not be
critical.
3. Analysis
3.1. Measurements of intensities and temperatures
The derivation of UVES OH intensities and Trot was
carried out in a similar way as described in Noll et al.
(2015), where 343 VLT X-shooter spectra with a lower re-
solving power (3,000 to 18,000) but a wider wavelength
coverage (0.3 to 2.5µm) were investigated in terms of av-
erage nocturnal and seasonal variations.
The line measurements focus on the first four lines
(N ′ ≤ 4) of the OH P1 and P2 branches (see Fig. 1).
The transitions of both branches cause an increase of the
total angular momentum and involve the OH X2Π3/2 and
X2Π1/2 substates, respectively. The considered lines are
relatively strong, well separated, and usually used for Trot
determinations (e.g. Beig et al., 2003; Cosby and Slanger,
2007). It is not possible to measure reliable intensities of
all eight lines for each OH band due to contamination by
lines of other bands or severe absorption of the emission at
lower altitudes of the atmosphere. In principle, the former
issue is less critical for UVES than for X-shooter. How-
ever, we tried to use the same line selection as described
in Noll et al. (2015) for a better comparison and an easier
analysis (see also Section 3.3.1). For this reason, we did
not consider bands where the UVES spectral coverage was
not sufficient to measure all required lines. This criterion
resulted in nine OH bands for each of the two set-ups and
six bands present in the spectra of both set-ups (see Sec-
tion 2.1). The OH bands (6-1), (8-2), (9-3) could only be
measured in the 760 nm spectra, whereas (3-0), (4-0), and
(8-4) were only accessible in the spectra taken with the
860 nm set-up. OH(9-5) was rejected due to the location
of the P1(N
′ = 1) line in a gap between two echelle or-
ders, which can happen in the reddest part of the UVES
wavelength range. Using the line sets of Noll et al. (2015),
the number of considered lines is between 4 and 8. On
average, 6.4 P-branch lines were measured.
While strongly absorbed emission lines were excluded
from the analysis, lines with a moderate absorption up
to several per cent were corrected. As discussed in Noll
et al. (2015), the derivation of the effective line-specific
absorption requires the calculation of OH line profiles and
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high-resolution atmospheric transmission spectra. For the
former, Doppler-broadened Gaussian profiles for a typical
temperature of 190 K (c.f. Noll et al., 2016) were assumed.
The OH line positions originate from the HITRAN2012
database (Rothman et al., 2013). HITRAN is also used as
the input for the transmission calculations via the radia-
tive transfer code LBLRTM (Clough et al., 2005), where
Cerro Paranal atmospheric mean conditions were assumed
(Noll et al., 2012). The resulting line transmissions were
corrected for the strongly varying water vapour (see Noll
et al., 2015). The column density of this trace gas was de-
rived for each spectrum individually. The continua of the
astronomical objects observed in parallel with the airglow
emission were sufficiently bright to apply the fitting code
molecfit (Smette et al., 2015; Kausch et al., 2015). The
fit for the water vapour absorption was performed in the
wavelength range from 814.0 to 818.3 nm, which is cov-
ered by both UVES set-ups. The absorption correction
also considers the dependence of the optical depth of the
absorber on the zenith angle of the telescope, which varied
between 1 and 69◦ with a mean value of 36◦. The formula
of Rozenberg (1966) for air was applied for this purpose.
The corresponding correction for the OH emission is based
on the formula by van Rhijn (1921) for thin layers and a
reference altitude of 87 km. For the latter, the mean and
maximum horizontal distances of the observed emission
from Cerro Paranal are about 70 and 220 km, respectively.
Hence, our UVES-based results are related to a geograph-
ical area which includes oceanic and mountainous desert
regions.
The integration of the line intensities was performed as
follows. After the subtraction of the continuum by means
of a wide median filter, the line profiles were integrated
within spectral intervals with a width of about 3 FWHM
and centred on the HITRAN wavelengths. The separa-
tion of the Λ doublet was considered for the derivation of
the integration limits. In the case of a clear separation
of the lines, both components were integrated separately.
The final line intensities were then derived by applying
the corrections described above to the individual Λ dou-
blet components. For unresolved doublets, the measured
intensity was halved for this procedure. For the analysis
of the intensity long-term variations, the intensities of all
measured lines of an OH band were summed up.
The intensities I of all measured Λ doublets of an OH
band were used to calculate band-specific Trot. Assuming
a Boltzmann distribution of the population distribution,
this can be done by performing a regression analysis for
the expression ln(I/(Ag′)), including the Einstein A coef-
ficient and the statistical weight of the upper state g′, as a
function of the energy of the upper state of the transition
E′ (Mies, 1974; Noll et al., 2015). The reciprocal of the re-
sulting slope corresponds to Trot times a constant. For A,
g′, and E′, we used the OH data in the HITRAN2012
database (Rothman et al., 2013), which are essentially
based on the calculations of Goldman et al. (1998). Note
that the molecular parameters for OH are still relatively
uncertain (Goldman et al., 1998; Pendleton and Taylor,
2002; Khomich et al., 2008; Brooke et al., 2016). Depend-
ing on the data source, the P-branch-related Trot results
can differ by several Kelvins (Cosby and Slanger, 2007;
Noll et al., 2015; Liu et al., 2015; Parihar et al., 2017).
Thus, the derived non-LTE contributions to these Trot and
their change with v′ (see Section 4.3) are also affected. Ac-
cording to Noll et al. (2015, 2016), the HITRAN data pro-
vide promising results if only P-branch lines of the same
OH band are considered. For this reason and the compa-
rability with the X-shooter-based results, we focused on
HITRAN-related molecular data for this study. Moreover,
the possible constant temperature offsets are not an issue
for the analysis of temporal Trot variations. Therefore, the
conclusions drawn from this study on long-term variations
do not depend on the set of molecular parameters used.
SABER OH VER profile data are available for two
channels with effective v′ of 4.6 and 8.3 (Section 2.2). For
a comparison with the long-term variations of the UVES-
related OH intensities, we performed a vertical integra-
tion of the VER profiles for altitude ranges limited by a
maximum deviation of 15 km from the mean of both inter-
polated half-maximum VER heights. For the OH-related
temperatures, we used the CO2-based kinetic temperature
Tkin profiles and weighted them with the corresponding
VERs of the two OH-related channels. We considered the
same variable altitude limits as for the VER integration
for this calculation in order to avoid systematic errors due
to non-zero SABER OH VERs far away from the emission
layer (see also Noll et al., 2016). The resulting effective
temperatures Teff show systematic uncertainties of a few
Kelvins (Rezac et al., 2015). Similar to Teff , we calculated
the effective emission height heff and decadal logarithm
of the number density of air molecules (log n)eff , which
are used for the discussion of Trot non-LTE effects in Sec-
tion 4.3.
3.2. Analysis of long-term variations
Example time series of the intensity and Trot mea-
surements discussed in Section 3.1 are shown in Fig. 4
for OH(6-2) and the main sample of 3,113 spectra (Sec-
tion 2.1.2). For OH(6-2), the full set of eight P-branch lines
can be used. This results in a mean integrated intensity of
540 R and a standard deviation of 170 R. The correspond-
ing values for Trot are 196.3 and 8.6 K. The mean error
related to the regression-based Trot derivation for OH(6-2)
is 2.5 K, which should be considered as an upper limit for
statistical uncertainties because of deviations of the ro-
tational level populations from a Boltzmann distribution
due to non-LTE effects (see Section 3.3.1). In any case, the
time-dependent variations in Fig. 4 are distinctly stronger
than the measurement uncertainties. Moreover, the scat-
ter plots indicate a trend with time for both quantities.
The values tend to be higher at the beginning and the end
of the time series. This is convincingly confirmed by an-
nual mean values where we considered periods from April
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Figure 4: Integrated intensity in R (left) and Trot in K (right) for the four lowest P1 and P2 branch lines of OH(6-2). The UVES sample
is the same as in Fig. 2. Both subfigures also show annual mean values averaged for the period from April to March. Inhomogeneities in
the intra-annual data distribution (e.g. in the year 2006) were not corrected. The lower panels display the monthly mean solar radio flux at
10.7 cm in sfu for the period covered by the UVES spectra.
to March in order to avoid incomplete years. For the inten-
sity and Trot, the four years with the highest mean values
are 2000, 2001, 2002, and 2014. These are also those years
with the highest solar activity as measured by the solar ra-
dio flux at 10.7 cm (Tapping, 2013), which is a good tracer
of the long-term variations of the OH-relevant solar ex-
treme UV (EUV) flux (Dudok de Wit et al., 2008, 2009).
It is most frequently used for studies of solar cycle effects
in the mesopause region (Beig et al., 2008; Beig, 2011b).
The monthly mean values of this F10.7 index are shown in
the lower panels of Fig. 4. They are given in solar flux
units (sfu), which correspond to 10 kJy. Neglecting a pos-
sible long-term trend, a simple linear regression analysis
for the annual mean values of the OH(6-2) intensity di-
vided by the 15-year mean and the F10.7 index results in
19± 2 % per 100 sfu. For Trot, a similar analysis provides
4.1 ± 0.5 K per 100 sfu. Both results show a significant
solar cycle effect for OH(6-2).
In the following subsections, we discuss a more elabo-
rate approach to study the solar cycle effect, the long-term
trend, and measurement uncertainties in parallel. Our pro-
cedure uses the individual observations instead of annual
mean values since these data contain more information on
the variation with respect to the solar activity. Moreover,
the inhomogeneities in the data samples can better be han-
dled in this way.
3.2.1. Correction of data gaps
For the UVES sample, we performed a detrending of
the data set in terms of nocturnal and intra-annual vari-
ations as a first step in order to avoid possible biases due
to data gaps (see Fig. 2). For this purpose, we created
a 12 × 12 grid of hours and months. The intensities and
Trot for the grid points in the bin centres were then calcu-
lated by weighted averaging of the values for the individual
measurements of the whole sample, which neglects second
order effects by year-to-year changes of the nocturnal and
seasonal variability pattern. The weights were derived by
means of a two-dimensional Gaussian with σ of half an
hour and half a month. In this way, data points within a
1σ distance from the grid point have similar weight, which
is comparable with the result for simple binning and aver-
aging if the data density is high. For sparsely populated
cells, the approach makes sure that a sufficient number of
values from neighbouring cells contribute to avoid possi-
ble issues with low number statistics. Scaling the weight
of the centre of the Gaussian to 1, the average weight sum
for the relevant nighttime grid points (excluding twilight)
was 39 with a standard deviation of 13 for the UVES main
sample.
As an example, Fig. 5 shows the grid-based climatolo-
gies for the OH(6-2) intensity and Trot, which exhibit a
dynamical range of the nocturnal variations of about 80%
of the mean and 20 K, respectively. These are effects which
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Figure 5: Contour plots of the integrated intensity in R (left) and Trot in K (right) of the measured OH(6-2) P-branch lines (see Fig. 4) for
a 12× 12 grid of local times in hours and days of year. The grid points centred on the middle of month and hour were derived by means of
smoothing of the 3,113 UVES data points (Fig. 2) via a two-dimensional Gaussian with σ of half a month and half an hour. The contours
are only shown for nighttime conditions with solar zenith angles larger than 100◦, which are present in the UVES data set.
are distinctly larger than the amplitude of the long-term
variations. Therefore, differences in the distribution of
the data over the 15-year period for the individual grid
points could be neglected for the detrending. Note that
the seasonal variability pattern significantly depends on
the local time for both quantities, which justifies our two-
dimensional detrending approach. While an annual oscilla-
tion in intensity and Trot with southern hemisphere winter
minimum dominates around midnight, a semi-annual os-
cillation (SAO) tends to be more relevant in the evening
and morning. The high impact of the SAO with maxima
around the equinoxes and the dependence of the amplitude
and phase of the nocturnal variability pattern on season
are in good agreement with other OH intensity and Trot
measurements at similar latitudes as Cerro Paranal (Taka-
hashi et al., 1995, 1998; Gelinas et al., 2008).
The detrending of the UVES data was carried out based
on the differences between the closest climatology grid
point and the annual nighttime mean. The analysis of
the long-term variations with and without detrending for
the different OH bands then showed the impact of this cor-
rection, which is about −0.5% and +0.3 K per 100 sfu for
the solar cycle effect on average. For the long-term trends,
the mean shifts are +0.8% and −0.1 K per decade. The
change in the Trot solar cycle effect is the most significant.
It is of the same order as the uncertainties of the regres-
sion analysis (Sections 3.2.3 and 4.1). The relatively high
influence of the removal of the nocturnal and seasonal vari-
ations in this case is probably related to the importance
of the relatively small fraction of the observations at high
F10.7, which is more affected by inhomogeneities than the
full sample.
We did not perform a similar correction for the SABER
sample since the data set is more homogeneous despite the
significant gaps (Fig. 3), which suggests that the average
nocturnal and seasonal variations have only a small influ-
ence if data from different years are compared.
3.2.2. Solar cycle proxy
While the parameter for studying the long-term trend
is simply the date of observation, the situation is less clear
for the solar cycle effect. As already stated, we focus on
the solar radio flux index F10.7. The use of individual
observations instead of annual mean values as discussed
before requires to average this daily index in an optimal
way. The daily measurements are less suitable to trace
the solar EUV flux between 10 and 121 nm than averages
over a longer period. According to Wintoft (2011), centred
averages covering at least half a solar rotational period of
27 days appear to be of similarly good quality. In order to
keep the averaged period short, we therefore selected the
centred 27-day mean of F10.7 (S27d) as our proxy for the
solar cycle effect.
In Fig. 6, we show the effect of this decision on the
analysis of the UVES OH(6-2) intensity and Trot data as
given in Fig. 4. For a comparison, the linear regression
lines for averages of F10.7 over 1, 27, 81, and 365 days are
plotted. As expected, the lines for the daily F10.7 exhibit
the largest discrepancy. They are also those with the high-
est rms (root mean square). The second highest rms are
found for the 365-day mean (S365d). However, the differ-
ences in the slope compared to S27d are only about +0.3%
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Figure 6: Regression analysis of the relation of the integrated intensity in R (left) and Trot in K (right) of the measured OH(6-2) P-branch
lines (see Fig. 4) with the solar radio flux in sfu for the full UVES sample (Fig. 2). The individual data points for a centred 27-day mean of
the solar radio flux F10.7 (S27d) are plotted in the upper panels, which also show the corresponding regression line (solid) and best second
degree polynomial (dashed). The lower panels compare the first and second degree regression results for centred mean F10.7 for 1, 27, 81, and
365 days.
and −0.1 K per 100 sfu. Very small discrepancies are also
found for S81d. Hence, the choice of S27d is sufficient and
not critical for the analysis of the solar cycle effect. Fig. 6
also illustrates the reliability of the assumption of a linear
relation by showing the results for a second order polyno-
mial regression. In general, these curves are close to those
for the linear relations, which supports the linear regres-
sion approach. Exceptions are present for Trot versus S1d
and intensity versus S365d. The latter might be related to
the non-Gaussian distribution of intensities due to a high
intensity tail and the relatively narrow range of S365d val-
ues due to the smoothing of the high solar activity peaks.
In this respect, a linear regression is certainly more robust.
3.2.3. Regression analysis
Our analysis of the OH intensity and temperature long-
term variations in our UVES and SABER samples is based
on bilinear regressions involving the parameters observing
date and S27d. In the case of UVES, we also considered
the impact of flux calibration uncertainties on the results.
In order to handle systematic errors related to the
UVES Trot measurements for the five investigated OH bands,
we assumed that there are possible deviations in the re-
sponse curves for spectra of the 760 and 860 nm set-ups
(see Sect. 2.1.2). If this assumption was correct, it would
be critical for the analysis, especially for the long-term
trend, due to the very different periods covered. The off-
set between the Trot of both set-ups was derived for the
best overlapping years from 2005 to 2010, when 742 spec-
tra centred on 760 nm and 638 spectra centred on 860 nm
were taken. After the correction of the derived Trot off-
sets, the regression analysis was performed for the full
sample. The resulting solar cycle effects and long-term
trends were then used to detrend the 2005-to-2010 data for
another refined derivation of the set-up-related Trot differ-
ences. Then, the regression analysis was repeated again
for the offset-corrected Trot of the full sample. The con-
vergence of this iterative procedure was quick due to the
low solar activity variations in the comparison period.
The final offsets of the 760 nm Trot with respect to the
860 nm ones are between −0.7 and +0.4 K with a sample-
related uncertainty of 0.5 K for all bands, i.e. the differ-
ences are not significant. Their impact on the results for
the solar cycle effect is negligible. The long-term trends
for the five OH bands studied increase by about 0.2 K per
decade on average. The mean absolute difference of 0.3 K
per decade is about half the regression uncertainties. This
is also the impact of the uncertainty of the Trot correction
of 0.5 K. Consequently, the combination of 760 and 860 nm
data only causes a minor increase in the uncertainties re-
lated to the long-term trends in Trot.
The handling of systematic flux calibration errors rel-
evant for the OH intensity analysis is more complex since
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eight instrumental response curves (two of them for the
760 nm data) were used for the calibration of the UVES
Phase 3 products in different periods. Moreover, there are
the UVES operation modes with single and double pixel
binning. Finally, the red-arm spectra are registered by two
independent CCDs (see Section 2.1). This results in 32
different flux calibration cases containing 7 to 585 spectra
of the UVES main sample. We can assume that the de-
viations are constant factors since wavelength-dependent
variations were already corrected (see Section 2.1.1). In
order to estimate the flux calibration accuracy and the
corresponding uncertainties for the analysis of long-term
intensity variations, we performed the bilinear regression
analysis for the intensities of the five selected UVES OH
bands. Then, we measured the detrended mean intensi-
ties for the different combinations of response curve and
binning. We especially focused on the bright OH(7-3)
band, which is always on CCD 2. For CCD 1, we measured
OH(7-2), which originates from the same upper vibrational
level v′ = 7. Therefore, it could be detrended with the re-
sults for OH(7-3) and the intensity ratio of both bands
should be constant, which makes it relatively easy to de-
tect flux calibration errors.
The resulting flux error weighted for the number of
spectra in each subsample is 2.0% for CCD 1 and 1.8% for
CCD 2, which verifies that our flux calibration corrections
discussed in Section 2.1.1 were sufficient. The deviations
could even be lower since the statistical uncertainties due
to the sample intensity variance also contribute, especially
in the case of subsamples with a small number of obser-
vations. Moreover, the assumption of a linear model for
the solar cycle effect and the long-term trend has some in-
fluence (see Section 3.2.2). Next, we used the differences
between the mean intensities for each subsample and an
(uncritical) arbitrary reference to study their impact on
the trend analysis. For this purpose, we subtracted them
from and added them to the corresponding individual in-
tensity measurements for each considered band. The dif-
ferences in the results of a subsequent regression analysis
for both modified data sets then indicated the influence of
the flux calibration uncertainties on the trend parameters.
In general, there is a non-neglibible contribution to the
final uncertainties in the solar cycle effect and long-term
trend related to the intensities of the five investigated OH
bands (see Section 4.1). The amount of these systematic
effects ranges from 0.35 to 1.76 times the corresponding
errors of the regression analysis. The only ratio which is
distinctly higher than unity is related to the solar cycle
effect for OH(8-3). This could be related to the fact that
this band is the only one that is always on CCD 1, which
suggests that the results for this chip and the 760 nm set-
up appear to be particularly sensitive to flux calibration
uncertainties.
3.3. Estimation of non-LTE effects
Apart from the characterisation of the long-term vari-
ations in UVES and SABER OH data, this study also
focuses on an analysis of the contribution of varying non-
LTE effects to the UVES OH Trot solar cycle effects and
long-term trends.
3.3.1. Correction of systematic temperature errors
In order to quantify the v′-dependent non-LTE effects,
it is required to correct systematic errors in the measured
Trot of different OH bands. There are instrument-, reduction-
, and analysis-related uncertainties. Moreover, the mea-
surements were carried out with band-dependent line sets
(see Section 3.1). In this case, the resulting Trot differ due
to specific non-LTE contributions for each OH line. For
the line sets used, this effect can easily amount to sev-
eral Kelvins (Noll et al., 2015). Based on X-shooter data,
Noll et al. (2015) could correct the different systematics
by studying 25 OH bands with various possible line sets
simultaneously. The UVES data allow us to investigate
12 bands, i.e. nine bands in each set-up. A σ-clipping ap-
proach as described in Section 2.1.2 resulted in 1,333 and
1,471 spectra centred on 760 and 860 nm with reliable Trot
for all measured bands. Studying systematic Trot errors
only based on the 12 OH bands in the UVES data would
probably lead to less accurate results than the X-shooter-
related analysis. Therefore, we combined the UVES and
X-shooter data to obtain improved reference Trot for each
v′.
A joint analysis of both data sets requires the correc-
tion of Trot differences by discrepancies in the time cover-
age. The 343 X-shooter spectra were taken between Oc-
tober 2009 and March 2013, which is much shorter than
the 15 years of UVES. Therefore, we took the results of
our analysis of long-term variations (Sections 3.2 and 4.1)
to correct the solar cycle effects and long-term trends in
the X-shooter and two UVES data sets. Since the v′ of
the bands to be corrected range from 2 to 9 but the trend
parameters only cover the range from 5 to 9, we used v′-
independent average coefficients. The reference S27d in-
dex and date for the results are 100 sfu and New Year of
2011. The nocturnal and seasonal variations can be cor-
rected as described in Section 3.2.1. Since the variability
pattern significantly depends on v′ (see Noll et al., 2015),
we prepared a sample of 1,526 spectra of the 860 nm set-
up optimised for the OH bands (3-0), (4-0), (5-1), (6-2),
(7-3), (8-3), and (9-4). Assuming that the nocturnal and
seasonal variations are similar for the different samples,
we directly corrected the OH bands with v′ between 3 and
9. For the OH(2-0) band, which is only present in the
X-shooter data, we applied the OH(3-0)-related climatol-
ogy. For the correction of the differences in the band-
specific line sets, we used the Trot shifts derived by Noll
et al. (2015), which are between −10.4 and −3.4 K for
the OH bands covered by the UVES data. Moreover, we
changed the reference line set from the first three P1- and
P2-branch lines to P1(N
′ = 1), P1(2), and P1(3) only. Ac-
cording to Noll et al. (2016), this is related to a general
Trot increase of 3.0 K. Afterwards, we derived the sample-
and band-related mean Trot.
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Figure 7: Mean Trot in K for 25 OH bands based on the UVES
data set of this study (green × symbols) and the X-shooter data set
of Noll et al. (2015) (black × and + symbols, the latter indicating
bands without UVES data). All mean values refer to the first three
P1-branch lines, HITRAN molecular parameters, a reference solar
radio flux of 100 sfu, and the start of year 2011. The plot also shows
average Trot for fixed v′. While the dashed curve connects mean
values only considering X-shooter data, the solid curve is related to
mixed UVES and X-shooter results, where first the band-specific and
then the v′-related averages were calculated.
Fig. 7 shows the results of these calculations. Trot for
the 25 X-shooter- and 12 UVES-related OH bands are in-
dicated. For the six bands which are present in the spec-
tra of both UVES set-ups, we give the arithmetic mean of
the two measurements. In the next step, we averaged the
band-specific Trot for both instruments, which indicate a
mean absolute difference of 1.9 K. Finally, we derived the
mean values of all bands with the same v′. The scatter of
the band-specific Trot is only 2.2 K. The resulting Trot(v
′)
function reveals a trend of increasing Trot with increasing
v′ and higher temperatures for even v′ compared to the
results for adjacent odd v′. A clear maximum is found
for v′ = 8. This remarkable pattern was first identified
by Cosby and Slanger (2007) and further studied by Noll
et al. (2015, 2016) based on the discussed X-shooter data.
It can only be explained by considering non-LTE effects.
Adding the UVES data to the X-shooter data does not
significantly change the structure of the function. The de-
viation is less than 1 K for each v′. We can use the final
Trot(v
′) function to correct the systematic uncertainties in
the band-specific Trot. This works quite well at least for
v′ ≥ 4, where data of several bands can be combined. The
resulting absolute corrections for the 12 UVES OH bands
were 1.7 K on average.
3.3.2. Linking UVES with SABER temperature data
Noll et al. (2016) showed that the non-LTE effects vary
with time and the variations are weaker for OH bands with
lower v′. Therefore, the comparison of Trot for very dif-
ferent v′ can be used to study the variability of the non-
LTE contributions. For this purpose, it is necessary to
eliminate the differences due to the v′-dependent VER-
related weighting of the altitude-dependent kinetic tem-
peratures Tkin. This can be achieved by using the SABER
OH VER and Tkin profiles (Section 2.2). Following Noll
et al. (2016), we calculated v′-dependent normalised OH
VER profiles based on the two SABER channels with ef-
fective v′ of 4.6 and 8.3 by assuming a positive linear rela-
tion between emission height and v′ (see von Savigny et al.,
2012) and by averaging the profile shapes of both OH VER
profiles. For our SABER sample, the mean difference in
the VER-weighted effective emission height heff is 0.39 km
for ∆v′ = 1. The scatter amounts to 0.15 km. Next, we
derived VER-weighted effective temperatures Teff for each
v′ by combining OH emission and Tkin profiles. The re-
sulting mean Teff difference for ∆v
′ = 1 based on the Teff
for v′ = 2 and 9 is only 0.01 K, i.e. there is no significant
temperature gradient for the OH emission altitudes on av-
erage. Although the scatter of 0.56 K is distinctly higher,
this means that for long-term averages the effect of the
Tkin gradient on the OH Trot measurements seems to be
relatively small. Consequently, the structures in Fig. 7
should be dominated by non-LTE effects.
The difference of the Teff for two given v
′ can be used
to remove the effect of the ambient temperature profile
on the difference of the Trot for OH bands with the same
two v′. For this, the individual UVES observations have
to be combined with suitable SABER profiles. Since an
exact match is not possible, each UVES Trot was linked
to SABER Teff data at similar observing times and days
of year. Following Noll et al. (2016), this was done as de-
scribed for the climatology grid in Section 3.2.1 but with
the times and dates of the individual UVES observations
as reference instead of a regular grid. Unlike Noll et al.
(2016), where only 3.5 years of data were studied, we also
considered the solar cycle effect. For this, the results of
a linear regression of the SABER Teff data and S27d were
used. The solar cycle correction was calculated by deriv-
ing the S27d difference between a UVES observation and
the corresponding SABER-weighted mean and applying
the regression slope. Apart from Teff , the SABER-based
parameters heff and (log n)eff (see Section 3.1) were pro-
cessed in the same way to link UVES and SABER data. It
is clear that the agreement between the considered quanti-
ties of both data sets cannot be particularly good if single
UVES observations are studied. The weighted averaging
of the SABER data cancels out aperiodic variations. For
the weight sum defined in Section 3.2.1, we obtain a mean
of 60 and a scatter of 27. Therefore, the described pro-
cedure is only reliable for studies of large samples. This
criterion is fulfilled for the discussion in Section 4.3.
4. Results and discussion
4.1. Long-term variations
We investigated the solar cycle effect and long-term
trend in intensity and Trot for five OH bands with v
′ = 5
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Figure 8: Solar cycle effects per 100 sfu (top panels) and long-term trends per decade (bottom) for the relative OH intensity (left) and Trot in
K (right) for five OH bands measured in the UVES data (circles) and both SABER OH channels (squares). The filled symbols are related to
a linear regression analysis involving the solar radio flux S27d and the observing date. For the open symbols, possible long-term trends were
neglected. The error bars (only shown for the filled symbols) consider regression and for the UVES data also flux calibration uncertainties.
Note that averaging of results for different OH bands does not significantly decrease the errors. However, the uncertainties are lower if results
of different OH bands are compared.
to 9 measured with UVES at Cerro Paranal. The re-
sults for our sample of 3,113 spectra taken between April
2000 and March 2015 are based on a bilinear regression
analysis, which was also carried out for a sample of 4,496
SABER OH VER profiles representative of v′ ≈ 4.6 and
8.3. The selection includes nocturnal profiles taken close to
the Cerro Paranal region and within the period from Jan-
uary 2002 to December 2015. The investigated SABER-
related quantities were column-integrated VER and Teff .
The resulting slopes of the regression analysis for both
samples are shown in Fig. 8.
The OH band intensities relative to the UVES sam-
ple mean indicate solar cycle effects between +15.6 and
+16.6% per 100 sfu for the individual bands. The uncer-
tainties of these percentages are about 1.6% per 100 sfu,
except for OH(8-3), where 2.9% per 100 sfu is found. The
latter value is dominated by flux calibration errors, whereas
the other uncertainties are mainly related to the bilinear
regression (see Section 3.2.3). Although the real uncertain-
ties could even be higher due to possible additional system-
atics, there appears to be a highly significant solar cycle
effect. The results for the five OH bands do not show any
clear trend with v′. This statement remains valid if it is
taken into account that the uncertainties for comparisons
of intensities for different OH bands are smaller than those
for the total effect. Consequently, we can average the ef-
fects for the different bands, which results in +16.1±1.9 %
per 100 sfu. The solar cycle effects of +12.1 ± 1.5 and
+14.5 ± 1.3 % per 100 sfu for the two SABER OH chan-
nels agree quite well with the UVES-related findings in
terms of the total amount of the effect and the absence of
a significant v′-dependent trend. The deviations from the
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higher UVES-related values are less than 2σ.
The UVES data do not show a significant long-term
trend. The mean effect is about −1± 2 % per decade and
the significance for the individual measurements is below
2σ. The long-term trend in the OH intensity is the most
uncertain parameter of our analysis. It is very sensitive
to data calibration issues, as the offset in the trend for
OH(8-3) indicates. Nevertheless, the SABER-related re-
sults fully agree. The trends for both OH channels are con-
sistent with zero, although the errors are distinctly smaller
than those for the UVES data. As illustrated by Fig. 8,
neglecting a long-term trend does not significantly change
the results for the solar cycle effect. The mean absolute
difference for the UVES-related trends would only be 0.6 %
per 100 sfu. For SABER, no effect is visible.
The results for the temperature are very similar. There
is no significant long-term trend. The mean values for Trot
and Teff are +0.3± 0.7 and −0.3± 0.3 K per decade. The
solar cycle effect in Trot is the most robust trend parame-
ter that we could determine for the UVES data set. The
effects for the individual OH bands vary between +4.5 and
+4.9 K per 100 sfu with a mean value of +4.7± 0.4 K per
100 sfu. We do not find a dependence of the solar cycle ef-
fect on v′. The SABER-related data sets for v′ ≈ 4.6 and
8.3 show +4.2 ± 0.4 and +4.4 ± 0.4 K per 100 sfu. These
values are lower than the UVES-related mean effect but
with a significance of less than 1σ.
In conclusion, 15 years of UVES and 14 years of SABER
data show a significant positive solar cycle effect but no
discernible long-term trend in OH intensity and temper-
ature for the Cerro Paranal region. Based on the more
precise SABER results for the long-term trend, effects be-
yond the intervals from −5 to +3% and −1.4 to +0.8 K
per decade can be excluded with 3σ confidence. The de-
rived numbers certainly depend on the covered period. An
interval of 14 to 15 years is relatively short for studying
long-term trends. It is possible that the trends cannot
fully be separated from solar cycle effects. In our case, the
very high solar activity at the beginning of the time series,
especially for UVES, is an issue since F10.7 values typical
of the maximum of solar cycle 23 are not found in cycle
24 (see Fig. 4). As illustrated by Fig. 8, the solar cycle
effects of about 15 % and 4 to 5 K per 100 sfu are almost
unaffected by the uncertainty in the long-term trends.
Our results for the solar influence can depend on the
range of F10.7 values covered by the sample. In order
to investigate this effect, we split the UVES sample be-
tween March and April 2008 as well as the SABER sam-
ple between December 2007 and January 2008 to separate
the two solar cycles covered and to keep periods of whole
years. Then, we measured the solar cycle effects (neglect-
ing long-term trends) in intensity and temperature for the
two subsamples. Here, we focus on the results for the
UVES OH(6-2) band and the v′ ≈ 4.6 SABER channel
since we do not see a significant v′ dependence. There are
remarkable differences in the slopes. The solar cycle tem-
perature effects in the UVES and SABER data for cycle 24
are about 101±27 and 50±28 % stronger than for cycle 23.
The slope for the UVES data taken in cycle 24 indicates a
very large value of +7.2± 0.6 K per 100 sfu. In the case of
the intensity, the cycle 24 data of both instruments show
effects which are about 20% stronger, but these differences
are not significant. The temperature-related results could
be explained by the weak possible flattening of the Trot–
S27d relation for high S27d indicated in Fig. 6. However,
note that the mean S27d indices for both UVES subsam-
ples are still similar with 122 and 102 sfu. As an additional
check, we calculated the solar cycle effects in cycle 23 for
S27d ≤ 166 sfu, which corresponds to the highest value
found in our cycle 24 samples. The percentages for the
change of the solar impact in cycle 24 relative to cycle 23
are then 28± 20 and 56± 40 %. The effect for the UVES
sample decreased a lot but the SABER-related difference
is even slightly higher. Therefore, non-linearities in the
Trot–S27d relation could be an explanation. It is also pos-
sible that the solar cycles 23 and 24 could be different in
terms of the response of the mesopause temperature to so-
lar forcing. In any case, these results show that the derived
solar cycle effect appears to depend on the covered period.
4.2. Comparison to literature
4.2.1. Temperatures
The UVES-related mean solar cycle effect for Trot from
five OH bands is +4.7± 0.4 K per 100 sfu. This value can
be compared with results from independent measurements
to better understand the impact of geographical location,
covered period, and measurement approach. For SABER
archival data, we have already done this. The mean for the
two OH-related channels is +4.3±0.4 K per 100 sfu, which
is only slightly lower. This is in good agreement despite
possible remaining systematic effects due to differences in
the period (see Section 4.1), observational gaps, the rela-
tively large area where the SABER profiles originate from,
and that Trot are compared with non-LTE-corrected Tkin
(for the latter see Section 4.3).
The impact of the geographical location on our results
can be estimated by comparing our SABER-related trends
with those of other more global investigations of SABER
data. Huang et al. (2016) studied zonal average Tkin pro-
files for the years from 2002 to 2014. For 25◦ S, i.e. the
latitude of Cerro Paranal, their altitude–latitude map for
the solar cycle effect shows values increasing from about
2.5 to 4 K per 100 sfu for OH-relevant heights from 80 to
100 km. Hence, our SABER-related response appears to
be somewhat stronger. Nath and Sridharan (2014) inves-
tigated the average effect in the latitude range from 10 to
15◦N for the period from 2002 to 2012. Their regression
analysis resulted in a slope of 4 to 5 K per 100 sfu for OH
emission altitudes, which is in better agreement with our
values. The slope could even be higher by a few tenths
of a Kelvin for Cerro Paranal if the latitude-dependent
results of Huang et al. (2016) are used for an extrapola-
tion of the Nath and Sridharan (2014) values. Accord-
ing to Huang et al. (2016), the discrepancies between both
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SABER-based publications can be explained by differences
in the regression model used. In contrast to Huang et al.
(2016), Nath and Sridharan (2014) did not include sea-
sonal and nocturnal variations. Since this is also the case
for our analysis of SABER data, this could explain the
better agreement.
There are further reasons for discrepancies between
our and the published data. We only considered noctur-
nal SABER measurements with solar zenith angles above
100◦. This limitation can cause systematic deviations if
there is a significant dependence of the Tkin long-term vari-
ations on local time. We did not include quasi-biennial os-
cillations in our analysis. However, these variations should
be sufficiently independent of the long-term variations. Fi-
nally, both publications cover a shorter period than our
SABER sample and do not consider longitudinal varia-
tions, which could be as high as latitudinal variations.
Therefore, it is difficult to explain the differences in de-
tail.
The SABER-related studies also contain information
on the long-term trend. Nath and Sridharan (2014) in-
cluded this effect in their regression model and found trends
between−1 and 0 K per decade for the OH emission heights,
with smaller absolute values at higher altitudes. Huang
et al. (2016) neglected a long-term trend for their final
analysis since they did not find a significant impact on
their results for the solar cycle effect, which is in good
agreement with our findings.
For a direct evaluation of our UVES-based results, other
ground-based OH measurements are best suited. In terms
of latitude, the OH(6-2) observations at Cachoeira Paulista
(23◦ S) are the closest. For the years from 1987 to 2000,
Clemesha et al. (2005) found a Trot 11-year oscillation with
an amplitude of +6.0± 1.3 K, which corresponds to about
9 K per 100 sfu (Beig et al., 2008). Their long-term trend
is highly negative with −10.8±1.5 K per decade. However,
the difference in Trot for years of maximum and minimum
solar activity is only about 5 K for their data set, which
well agrees with our observations (see Fig. 4). Therefore,
it appears that solar cycle effect and long-term trend influ-
ence each other in the analysis of Clemesha et al. (2005).
Values consistent with our results could have been possible
as well. Nevertheless, an exact match is not expected be-
cause of the very different period studied. A more negative
long-term trend for their study would even be consistent
with the observations of a weakening of the cooling trend
over several decades (Beig, 2011a).
Another station with a long OH(6-2) Trot time series in
South America is El Leoncito (32◦ S). Considering only the
years from 1998 to 2002, Scheer et al. (2005) found +0.9±
0.3 K per 100 sfu for a fitted trend of −2.7 K per decade.
Without a trend, the result was −0.1 ± 0.3 K per 100 sfu,
i.e. a solar cycle effect was not significant. This divergent
finding could be related to the different and also very short
period covered. As discussed in Section 4.1, this can be
critical. Scheer and Reisin (2013) also considered data
taken between 2006 and 2011. Under the assumption of no
solar cycle effect, they derived a long-term trend of −2.1±
0.6 K per decade. As in the case of Clemesha et al. (2005),
their data can also be interpreted in a different way. Their
annual mean Trot for years of high and low solar activity
differ by about 3 K. This is smaller than the 5 K that we
obtain for the same years in the UVES sample (Fig. 4).
If we assume that the long-term trend is close to zero, as
the UVES and SABER data indicate, this would suggest
a solar cycle effect of 2 to 3 K per 100 sfu at El Leoncito.
The difference in the response to solar forcing compared
to Cerro Paranal might be related to the observing site.
The latitude difference is 7◦ and El Leoncito is located on
the other side of the Andes.
For further comparisons to OH-related data sets with a
good time coverage, we have to consider data from north-
ern mid-latitudes. The corresponding results have to be
taken with care since the analysis of SABER data by Huang
et al. (2016) suggests that the solar cycle effect at their
limiting latitude of 48◦N could be stronger by about 1 K
per 100 sfu than at 25◦ S. A very long continuous ground-
based time series of OH(3-1) data starting in 1988 is from
Wuppertal (51◦N) in Germany. Kalicinsky et al. (2016)
derived 4.2±0.9 K per 100 sfu and −0.9±0.6 K per decade
for these data and a linear regression approach. However,
they noticed that a linear long-term trend does not fit the
data well. A better model appears to be an oscillation with
a period of 25 ± 3 years and an amplitude of 2.0 ± 0.4 K.
It results in a response to solar activity of 4.1 ± 0.8 K
per 100 sfu, which is in good agreement with our findings.
Their solar cycle effect appears to be relatively stable over
the three activity maxima covered, which does not support
the possible difference for cycle 23 and 24 found in our data
(see Section 4.1). If the oscillation model was realistic, it
would cause a negative long-term trend for the period cov-
ered by our data. There could also be site-related effects,
which could explain why we do not see such a trend. In
general, the published studies related to different measure-
ment approaches and mid-latitude observing sites reveal
long-term trends which are slightly negative or consistent
with zero (Beig, 2011a). The corresponding solar cycle ef-
fects are of the order of several Kelvins (Beig, 2011b). As
another example, Pertsev and Perminov (2008) derived an
effect of about 4.5 K per 100 sfu based on OH(6-2) mea-
surements at Zvenigorod (56◦N) near Moscow in Russia
for the years 2000 to 2006.
All these results suggest that the spatial and temporal
differences in the solar cycle effects and long-term trends
for temperatures at OH emission heights for low to mid-
latitudes are only moderate and that our Cerro Paranal
results are in good agreement with them.
4.2.2. OH intensities
Our UVES data for five OH bands show a mean rela-
tive solar cycle effect of +16.1± 1.9 % per 100 sfu. This is
only slightly higher than our result for the two SABER OH
channels, which is +13.3 ± 1.9 % per 100 sfu on average.
Gao et al. (2016) studied the response of solar radiation
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to OH intensities also based on SABER data. For the pe-
riod from 2002 to 2014, local times within a radius of 3 h
around midnight, and latitudes up to 50◦ in both hemi-
spheres, they found 11.4± 1.3 and 12.9± 1.1 % per 100 sfu
for the two channels centred on 1.64 and 2.06µm. These
global averages only deviate by a few tenths per cent from
the values for a latitude of 25◦ S. Although the latitude
of Cerro Paranal is close to a minimum for the southern
hemisphere, this similarity in the results is possible due
to systematically lower effects in the northern hemisphere.
The solar cycle sensitivity derived by Gao et al. (2016) is
only about 1% per 100 sfu lower than the outcome of our
regression analysis. This deviation is not significant. The
measurement of peak emission rates, the differences in the
local time coverage, zonal averages, and the use of annual
mean values by Gao et al. (2016) could contribute to the
small difference. The regression analysis was performed
with and without linear long-term trend. However, the re-
sults for the solar cycle effect were almost identical, which
is consistent with our findings.
Ground-based studies of OH intensities are less fre-
quent than those of OH Trot. In most cases, both quan-
tities were discussed together (c.f. Section 4.2.1). For Ca-
choeira Paulista and OH(6-2), Clemesha et al. (2005) found
an amplitude for the 11-year oscillation of 14± 4 %, which
corresponds to about +21 ± 6 % per 100 sfu if we assume
the same conversion as Beig et al. (2008) used for Trot. The
effect tends to be higher than for Cerro Paranal but the
difference is not significant. The corresponding long-term
trend is +2.2 ± 0.5 % per decade. The amount is within
the range of our OH measurements. However, with the
relatively small uncertainties given, there would be a weak
positive trend for the years from 1987 to 2000. Scheer et al.
(2005) studied the long-term OH(6-2) intensity variations
at El Leoncito. Since their data set only covers the years
from 1998 to 2002, we focus on their result for a regression
analysis without long-term trend, which is −1.8 ± 1.5 %
per 100 sfu. This lack of a significant solar cycle effect is
similar to the situation for Trot described in Section 4.2.1.
It also appears to be an apparent effect due to the limita-
tions in the data set without periods of low solar activity.
In order to prove this assumption, it would be necessary
to perform a detailed analysis of the mostly unpublished
OH(6-2) intensity data taken since 2006 (c.f. Scheer and
Reisin, 2013), which cover periods of high and low solar
activity. Reid et al. (2014) studied OH(8-3) intensity data
taken between 1995 and 2010 at Buckland Park (35◦ S)
near Adelaide in Australia. Their multiple harmonic anal-
ysis resulted in an amplitude of 6± 5 % for the solar 11.2-
year period, which suggests a linear solar cycle effect of
less than 10% per 100 sfu. However, the very large uncer-
tainty does not allow us to detect a significant difference
in comparison to our and the other measurements.
For the northern mid-latitude station Zvenigorod, Pert-
sev and Perminov (2008) report a solar cycle sensitivity of
+30±4 % per 100 sfu within the period from 2000 to 2006.
This large effect was obtained by means of OH(6-2) but it
would be similar for other OH bands which were measured
in their spectroscopic data. The lack of a v′ dependence
is consistent with our UVES-based results. The large dis-
crepancy between the solar cycle effects for Zvenigorod and
Cerro Paranal could be explained by the large latitude dif-
ference. The SABER-based analysis by Gao et al. (2016)
shows a maximum-to-minimum ratio of 2 for the latitude
range from 50◦ S to 50◦N. Zvenigorod at 56◦N is outside
this range. However, the steep increase of the solar cycle
effect towards higher latitudes could be sufficient to sig-
nificantly reduce the discrepancy between the Pertsev and
Perminov (2008) and our results.
Our discussion of the few studies on the OH intensity
long-term variations in the last two solar cycles shows that
our knowledge is still poor. Therefore, our combined study
of UVES and SABER data provides important constraints
especially on the OH intensity solar cycle effect at low
latitudes.
4.3. Non-LTE contributions to OH rotational temperatures
The difference of 0.4 K per 100 sfu between the mean
solar cycle effects for the UVES OH Trot and SABER OH
Teff (see Section 4.1) could significantly be affected by long-
term variations in the non-LTE contributions to OH Trot,
∆TNLTE. On nocturnal and seasonal time scales, the vari-
ability of these effects can be very crucial for interpreting
the total Trot variations, as shown by Noll et al. (2016). It
seems that these variations are correlated with changes in
the height and shape of the OH emission layer since this
affects the ratio of OH production, thermalisation by N2
and O2 collisions, and OH deactivation and destruction by
atomic oxygen. Our sample of UVES data allowed us to
study this relation in detail.
4.3.1. Relation to effective emission height and density
Noll et al. (2016) showed that the quantification of the
varying non-LTE effects works best if the Trot of an OH
band with low v′ is used as reference since the correspond-
ing variations appear to be distinctly weaker than those
for bands with higher v′. Noll et al. (2016) could use
OH(2-0) for this purpose. The band with the lowest v′ in
the UVES wavelength range is OH(3-0). The X-shooter-
based study of the nocturnal ∆TNLTE variations indicated
that the changes related to v′ = 3 are only about one quar-
ter of those related to v′ = 8. This amount seems to be
small enough in order to use OH(3-0) as a reference in this
study. Since this band and also OH(4-0) are only present
in data taken with the UVES 860 nm set-up, the study of
non-LTE effects is focused on the corresponding sample
with 1,526 spectra (see Section 3.3.1). Despite the lower
size and time coverage compared to the main sample used
for the study of long-term variations in Section 4.1, it is
well suited to study the solar cycle effect since it covers
the maximum of cycle 23 and the subsequent deep activ-
ity minimum (see Fig. 2). For the analysis, the Trot of the
seven selected bands with v′ from 3 to 9 were corrected
15
Figure 9: Change of non-LTE contributions to OH Trot (∆TNLTE) by variations of effective height (left) and logarithmic air density (right)
of the OH emission layer for the 860 nm UVES sample (see Fig. 2) and different v′. The upper panels show ∆TNLTE in K with a zero line
defined by the Trot for OH(v′ = 3). The values for the other v′ were corrected for differences in the SABER-related emission profiles and
temperature offsets depending on OH band and line set (see Sect. 3.3). The v′-related ∆TNLTE are shown for three subsamples that cover
the full range of effective height and logarithmic density values by intervals of equal size (see legend). The given error bars indicate the mean
errors and should be considered as lower limits since the Trot distribution cannot be described by a single Gaussian (see Sect. 2.1). The lower
panels show the results of a linear regression analysis for the relation between ∆TNLTE and the effective height (left) and logarithmic density
(right), respectively. The error bars are related to the uncertainties of the regression analysis. Note that the ordinate for the right plot is
reversed in order to consider that height and density are anti-correlated. For the same reason, the order of the intervals used in the upper
panels is different.
for constant offsets related to systematic measurement er-
rors (see Section 3.3.1). Moreover, we corrected the Trot
for Tkin differences caused by the v
′ dependence of the OH
emission height using v′ = 3 as the reference. This was per-
formed by means of SABER Teff data, which were linked
with the UVES observations as described in Section 3.3.2.
The latter was also done for the effective emission height
heff and the VER-weighted decadal logarithm of the num-
ber density of air molecules in m−3, (log n)eff .
At first, we checked whether we can confirm that the
contribution of non-LTE effects to OH Trot depends on
heff . For this purpose, we primarily used the heff val-
ues for the SABER OH channel centred on 2.06µm since
the effective v′ of about 8.3 better represents those OH
bands where the largest effect is expected. Nevertheless,
we tested the other OH channel as well. The results agree
within the errors. The heff for the 2.06µm channel vary
from 87.7 to 90.7 km. Note that this variation is smaller
than for individual SABER profiles since the connection
with UVES data was only possible by an averaging pro-
cedure (see Section 3.3.2). We divided this range in three
intervals of equal size with 248, 868, and 410 UVES spec-
tra. The bin with the lowest heff therefore exhibits the
highest statistical uncertainties. The ∆TNLTE results for
the three intervals are given as a function of v′ in Fig. 9.
The values for v′ = 3 are always at zero since it is the
reference for the calculation of the non-LTE effects. The
curves for the three heff ranges convincingly confirm the
expected trend. Higher ∆TNLTE are related to higher heff .
We also performed a linear regression analysis for these
two parameters and the individual UVES measurements.
The results can also be found in Fig. 9. The heff depen-
dence of ∆TNLTE varies from 0.63 K per km for v
′ = 5 to
1.39 K per km for v′ = 8. With an average mean error
of 0.24 K per km, all regression slopes appear to be sig-
nificant except those for v′ = 5 and 7. There is no clear
dependence on v′. However, there seems to be a weak pos-
itive correlation between the slope and ∆TNLTE, i.e. those
bands which show strong non-LTE effects in Trot on av-
erage are also those which tend to be more sensitive to
changes in the OH emission height. Note that the signifi-
cance of our results is also affected by the sample selection.
As described for our main sample in Section 2.1.2, we also
performed the whole analysis based on a more restrictive
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data set with 1,386 spectra. This selection reduced the
regression slopes in Fig. 9 by 0.27 K per km on average,
which is about the mean uncertainty of the regression anal-
ysis. This result suggests that the true total uncertainties
are somewhat higher. They cannot be neglected as it was
possible for the analysis of the main sample of 3,113 spec-
tra.
We also checked whether the combination of individ-
ual measurements (Trot) and weighted averages (Teff , heff)
could affect our regression results. For this purpose, we
first derived averages for these quantities from the individ-
ual UVES and SABER measurements for the fixed grid of
observing times and days of year discussed in Section 3.2.1.
Then, the ∆TNLTE were calculated and the regression anal-
ysis was performed for the nighttime grid points. This
procedure resulted in regression slopes which were slightly
but not significantly lower, which justifies our approach
used for Fig. 9. Nevertheless, the derived regression slopes
should be taken with caution since geographical and tem-
poral mismatches of the UVES and SABER data and the
limited vertical resolution of the SABER profiles could still
cause additional systematics.
The thermalisation of the OH rotational level popula-
tions essentially depends on collisions with N2 and O2 (e.g.
Dodd et al., 1994; Kliner and Farrow, 1999). Therefore,
the effective air density in the OH emission layer appears
to be an even more promising tracer of ∆TNLTE than heff .
Therefore, we performed the same analysis for (log n)eff .
The logarithm of the density was chosen since it results in
weights of the different parts of the emission layer which
are comparable to those for the altitude. It also avoids
that the most critical heights for the non-LTE contribu-
tions have negligible weight. Fig. 9 shows the results for
three (log n)eff bins with 132, 660, and 734 spectra. Obser-
vations at high density are relatively rare. Since ∆TNLTE
tends to increase during the night at Cerro Paranal (Noll
et al., 2016), the high-density spectra are usually related
to the early evening. The mean local time is 19:57. The
non-LTE contributions are remarkably low for this sub-
sample. ∆TNLTE of several Kelvins are only present for
v′ = 8 and 9, i.e. the levels which are directly populated
by the hydrogen–ozone reaction. For the other two bins,
the ∆TNLTE are distinctly higher. The mean difference
for the lowest and highest density intervals is 2.9 K if the
results for v′ from 4 to 9 are averaged. The corresponding
mean difference for heff is only 1.8 K. These values con-
firm our assumption that (log n)eff is the better tracer for
∆TNLTE.
This can also be seen for the results of the correspond-
ing regression analysis, which are also displayed in Fig. 9.
The slopes are highly significant with an average confi-
dence of 5.4σ. The differences between the v′-dependent
data points are relatively small and not significant. Com-
pared to the mean value of −18.4 K, the scatter is only
3.5 K. The characteristic ∆TNLTE(v
′) structure is only mar-
ginally present. The large step from the reference v′ of 3 to
4 challenges the assumption of comparably small ∆TNLTE
Figure 10: Change of non-LTE contributions to OH Trot (∆TNLTE)
by variations of the solar radio flux S27d for the 860 nm UVES sample
and different v′. For more details, see the legend and Fig. 9.
variations for the lowest v′. It might be that a significant
fraction of the total effect could not be detected. The dif-
ferences in the band-specific line sets used for this study
(especially OH(3-0) with five and OH(4-0) with four lines,
and only three common emissions; see Noll et al., 2015)
might also play a role if each OH line shows a different
sensitivity to non-LTE effects. If the SABER OH chan-
nel with v′ ≈ 4.6 is used for the analysis, the result is
very similar to the one for v′ ≈ 8.3 except for a less nega-
tive mean slope of −15.2 K. The difference can be almost
fully explained by a higher variability in (log n)eff . For
the SABER high-v′ channel, the study of the alternative
UVES sample with 1,386 spectra also gives a mean slope
of −15.2 K. Its significance is 4.6σ. Therefore, the sample
selection uncertainty does not critically decrease the reli-
ability of our result on the existence of strong variations
of the Trot non-LTE effects as a function of the effective
air density. Finally, as already found for heff , the regres-
sion slopes do not appear to significantly depend on our
approach for linking the SABER with the UVES data.
4.3.2. Non-LTE long-term variations
The discussion in the previous section has shown that
changes in the OH emission layer can cause variations in
OH Trot of the order of several Kelvins. This seems to be
especially critical for time scales of hours to months (Noll
et al., 2016). Now, the crucial question is: how large is
the impact of non-LTE effects on the observed Trot long-
term variations? For this, we studied the dependence of
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Figure 11: OH relative volume emission rate profiles of the two SABER OH channels centred on 1.64 (v′ ≈ 4.6; blue) and 2.06µm (v′ ≈ 8.3;
green) for Cerro Paranal-related SABER subsamples with low (< 70 sfu; N = 495; solid), intermediate (between 110 and 130 sfu; N = 918;
dashed), and high (> 150 sfu; N = 455; dotted) solar radio flux S27d. The profiles are shown for height (left) and logarithmic air density
(right).
∆TNLTE on the solar radio flux measured by S27d. We
performed the same analysis as described in Section 4.3.1
for heff and (log n)eff .
The results for our UVES 860 nm sample are given in
Fig. 10. The Trot data set was divided into three sub-
samples with 876, 434, 216 members, which cover S27d
intervals of equal size in the range from 66.8 to 240.6 sfu.
The smallest population is found for S27d greater than
182.7 sfu, which only occurred during the maximum of so-
lar cycle 23. The shape of the three ∆TNLTE(v
′) func-
tions is relatively similar. However, the dependence of the
non-LTE effects on S27d is remarkable. The highest solar
fluxes cause the lowest ∆TNLTE, whereas data taken at
intermediate S27d indicates the strongest non-LTE contri-
butions. This result is inconsistent with a linear relation.
Therefore, a linear regression does not seem to be well
suited to describe the data. Nevertheless, we also show
the results of such an analysis in Fig. 10. The slopes range
from −0.79 to −0.05 K per 100 sfu with a mean value and
error of −0.42 ± 0.28 K per 100 sfu. Using the alterna-
tive sample with 1,386 instead of 1,526 spectra, we obtain
−0.19 ± 0.27 K per 100 sfu, which is even closer to zero.
These results suggest that non-LTE effects seem to be al-
most negligible for the interpretation of the total effect of
+4.7 ± 0.4 K per 100 sfu discussed in Section 4.1. How-
ever, the real situation is more complex. If we only use
the data in the two intervals with the lowest S27d, the re-
gression analysis returns a mean slope of +0.8± 0.4 K per
100 sfu. For the two intervals with the highest S27d, the
corresponding result is −3.5± 0.7 K per 100 sfu. Although
these results should be taken with care since the involved
samples are relatively small and the regression analysis is
less robust, the large discrepancies in the slopes imply that
the contribution of non-LTE effects could significantly de-
pend on the sample properties. They could be an expla-
nation for the sample-specific differences in the solar cycle
effects discussed in Section 4.1.
In view of the uncertainties in the interpretation of the
relation between ∆TNLTE and the solar radio flux, we also
investigated the S27d dependence of the OH emission pro-
file. For this purpose, we used our SABER sample with
4,496 profiles (Section 2.2) and derived mean profiles for
the two OH channels in three very different S27d ranges
with mean values of 68, 120, and 169 sfu. All profiles for
solar fluxes below 70 sfu (N = 495), beween 110 to 130 sfu
(N = 918), and above 150 sfu (N = 455) were considered.
The resulting relative VER profiles are shown in Fig. 11
as a function of the altitude and log n. The profiles for
v′ ≈ 4.6 and 8.3 with sample-averaged heff of 87.8 and
89.2 km show only a weak variation of a few 10−1 km and
10−2 logarithmic units. The profile for the highest solar
activity shows the highest effective emission height and
density. This apparent contradiction can be explained by
an expansion of the atmosphere which is stronger than the
rise of the OH emission layer. The expansion is expected
due to the warming effect (see Sect. 4.1) by the increased
solar energy input at high solar activity. This effect be-
comes especially strong at higher altitudes in the thermo-
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sphere (e.g. Emmert et al., 2010). Fig. 11 also suggests
that the response of the OH emission layer on the solar
activity is not a linear function since the profile for inter-
mediate S27d is the lowest in terms of altitude. Another
aspect of the weak profile variations is the corresponding
negligible change in the Tkin-related Teff . For the mean
OH VER and Tkin profile of our SABER sample, the sen-
sitivity is only about −0.2 K per km.
In order to better understand the effect of the solar
cycle on the full SABER sample, we performed a linear
regression analysis for heff and (log n)eff similar to the ones
for the SABER-related OH intensities and temperatures
(Section 3.2.3). The heff -related slopes for the solar cycle
effect are 0.00±0.06 and +0.07±0.05 km per 100 sfu for the
channels related to v′ ≈ 4.6 and 8.3. This is not significant.
The linear long-term trend also turned out to be consistent
with zero. For (log n)eff , there could be a weak negative
trend as indicated by a mean value of −0.007± 0.003 per
decade for both OH channels. The solar cycle sensitivity is
more significant but still weak. We derived +0.019±0.004
and +0.016± 0.004 per 100 sfu for the channels related to
v′ ≈ 4.6 and 8.3. Hence, there is a positive correlation of
(log n)eff and S27d, as already suggested by Fig. 11.
As described in Section 4.2.2, Gao et al. (2016) also
used SABER data to study long-term variations in the
OH emission. This analysis included a latitude-dependent
regression analysis for the peak height of the emission in
both channels. They did not find any significant effect,
which we can confirm based on an analysis also using the
emission peak. As illustrated by Fig. 11, changes due to
high solar activity appear to be limited to the faint wings
of the emission profile, which cannot be measured by the
peak height and where also heff does not seem to be sensi-
tive enough. Based on OH(3-1) VER profiles from SCIA-
MACHY on Envisat, von Savigny (2015) performed a re-
gression analysis for the long-term trends in heff for the
years 2003 to 2011, 22:00 local solar time, and several 10◦
latitude bins. Linear trends are negligible. Only for the
range from 20 to 30◦N, there could be a weak trend of
−0.26 ± 0.07 km per decade. There is no significant solar
cycle effect in the investigated latitude range from 10◦ S
to 30◦N. For the range from 20 to 30◦N, the result is
+0.19 ± 0.13 km per 100 sfu, which agrees well with our
findings. Finally, Liu and Shepherd (2006) used OH(8-3)
VER profiles related to WINDII onboard UARS to inves-
tigate the peak emission altitude for the years from 1991
to 1997 for several latitude intervals. For 20 to 30◦ S, they
found a significant slope of about +1.4 km per 100 sfu. It
is not clear how this large deviation from the other results
can be explained (von Savigny, 2015).
As a final alternative estimation of the contributions of
varying non-LTE effects to the OH Trot long-term varia-
tions, we can combine the slopes for ∆TNLTE versus heff or
(log n)eff (see Section 4.3.1) with those for heff or (log n)eff
versus S27d. The resulting amounts can be considered as
lower limits for the solar cycle effect since a single parame-
ter like heff cannot trace all variations related to the impact
of the solar activity on the OH Trot. As input for the slopes
that were derived from our UVES 860 nm sample, we used
the v′-averaged mean values, i.e. +0.98 ± 0.24 K per km
and −18.4 ± 3.4 K for the SABER 2.06µm OH channel
data and +0.94± 0.21 K per km and −15.2± 2.8 K for the
1.64µm data. These slopes were then multiplied by the
corresponding ones for the heff and (log n)eff solar cycle
effects listed above. In the end, we obtained four estimates
which range from −0.35 to +0.07 K per 100 sfu. The most
negative value is related to (log n)eff and v
′ ≈ 8.3. The
average of the four slopes is −0.13 ± 0.12 K per 100 sfu.
For completeness, we also performed this calculation for
the long-term trend, which resulted in +0.06± 0.06 K per
decade and is extremely small. These results suggest that
the long-term variations of OH Trot at Cerro Paranal for
2000 to 2015 are only slightly affected by non-LTE effects.
The same conclusion can be drawn from the comparison of
the UVES Trot and SABER Teff trends in Section 4.1 and
the direct regression analysis for ∆TNLTE and S27d. The
main reason for this behaviour appears to be the long-term
stability of the OH emission layer.
5. Conclusions
We used 3,113 spectra from the UVES echelle spectro-
graph at the VLT in Chile to study the long-term varia-
tions in OH intensity and OH-related rotational temper-
ature Trot for the period from April 2000 to March 2015.
Focusing on the strongest P-branch lines of the five OH
bands (5-1), (6-2), (7-3), (8-3), and (9-4), our linear re-
gression analysis resulted in a strong solar cycle effect in
both parameters, which does not significantly depend on
the vibrational level of the upper state v′. The mean effect
for all bands is +16.1 ± 1.9 % per 100 sfu for the relative
intensity and +4.7± 0.4 K per 100 sfu for Trot. We do not
see significant long-term trends.
For a comparison, we also analysed 4,496 nighttime
limb-sounding observations of the multi-channel radiome-
ter SABER on TIMED for the Cerro Paranal region and
the period from January 2002 to December 2015. The
vertically-integrated volume emission rates (VERs) for the
two OH-related channels with effective v′ ≈ 4.6 and 8.3
showed a mean solar cycle effect of +13.3 ± 1.9 % per
100 sfu. In the case of the VER-weighted kinetic tem-
perature profiles, we obtained an effect of +4.3 ± 0.4 K
per 100 sfu. There is no significant v′ dependence and the
corresponding long-term trends are consistent with zero.
Our UVES- and SABER-related trend parameters agree
well with each other. Other results from the literature for
SABER data and ground-based OH measurements at low
and mid-latitudes are generally consistent with our find-
ings. For the few long OH Trot time series at low latitudes,
we could even find that the agreement appears to be much
better than previously expected from the published val-
ues, which mainly deviate by differences in the analysis
and limitations in the data sets.
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Measurements of kinetic temperatures in the mesopause
region by means of OH Trot are affected by varying con-
tributions of non-LTE effects ∆TNLTE. They are caused
by variations in the frequency of the crucial thermalising
OH collisions with air molecules compared to radiative
processes and deactivating or destructing collisions with
atomic oxygen. They can be estimated by comparisons
of Trot with large v
′ differences corrected for deviations in
the OH emission profiles. We studied their impact on the
long-term variations by different approaches.
The small difference in the temperatures from UVES
and SABER data is already a good indication that the
non-LTE contributions must be low. A regression anal-
ysis for ∆TNLTE and the solar radio flux for a sample of
1,526 UVES spectra where the OH bands (3-0) and (4-0)
could also be measured revealed a mean solar cycle effect
for all v′ from 4 to 9 of −0.4 ± 0.3 K per 100 sfu. A more
indirect approach included an intermediate step involving
the ∆TNLTE dependence on the SABER-related effective
emission height heff and the effective decadal logarithm
of the air density for the emission layer (log n)eff , which
are good indicators for the change of the non-LTE effects.
This is demonstrated by v′-averaged ∆TNLTE sensitivities
for heff and (log n)eff from the two SABER OH channels
of +1.0± 0.2 K per km and −17± 3 K relative to a refer-
ence v′ of 3. Using the relation between heff or (log n)eff
and the solar radio flux for both SABER OH channels
and the full sample, the resulting mean solar cycle effect
for ∆TNLTE is −0.1 ± 0.1 K, which agrees with our other
estimates. This approach also provides a result for the
long-term term trend, which is consistent with zero. The
small contribution of non-LTE effects to the solar cycle
variability is caused by only weak long-term variations of
the OH emission profile, which is in accordance with other
studies. The negative sign in our estimates for the non-
LTE effects seems to be related to an increase in the air
density in the OH emission layer for higher solar activity.
Our results show that ∆TNLTE contributions to OH
Trot, which can be critical on shorter time scales, do not
appear to significantly affect the strong solar cycle effects
found in our data. This is good news for studies of Trot
long-term variations. The global application of our find-
ings depends on the stability of the OH emission layer. So
far, the corresponding results are promising. Our study
also shows that it is necessary to cover a sufficiently long
period with a wide range of solar activity levels. Otherwise
significant systematic deviations could be found for the to-
tal effect as well as the non-LTE contributions. In part,
this might be related to non-linearities in the response of
the OH emission layer to solar forcing.
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